Abstract: Chemically or physically modified wood materials have enhanced resistance to wood decay fungi. In contrast to treatments with traditional wood preservatives, where the resistance is caused mainly by the toxicity of the chemicals added, little is known about the mode of action of nontoxic wood modification methods. This study reviews established theories related to resistance in acetylated, furfurylated, dimethylol dihydroxyethyleneurea-treated, and thermally modified wood. The main conclusion is that only one theory provides a consistent explanation for the initial inhibition of brown rot degradation in modified wood, that is, moisture exclusion via the reduction of cell wall voids. Other proposed mechanisms, such as enzyme nonrecognition, micropore blocking, and reducing the number of free hydroxyl groups, may reduce the degradation rate when cell wall water uptake is no longer impeded.
Introduction
At present, the use of traditional toxic wood preservatives is being questioned and their application is restricted (Hingston et al. 2001; Ibach 2005; Townsend et al. 2005) . As alternatives to these preservatives, wood can be modified by nontoxic chemicals and/or by physical treatments (Hill 2006) . The optimization of processes and product properties could be further improved by a better understanding of the underlying mechanisms of inhibition or delay of biological degradation after nontoxic modifications. Decay resistance has been reviewed independently for acetylated wood (Papadopoulos 2010 ) and thermally modified wood (Esteves and Pereira 2009) as well as in a combined review (Rowell et al. 2009 ). Previous research concerning the degradation of cellulose by brown rot fungi was summarized by Baldrian and Valaskova (2008) . Aro et al. (2005) reviewed the transcriptional regulation of enzymes involved in the breakdown of cell wall biopolymers by filamentous fungi. The biochemical mechanisms that underlie nonenzymatic degradation of wood were recently summarized in a comprehensive review (Arantes et al. 2012 ). However, general comparative reviews are not available in terms of the modes of action of different wood modification methods. In particular, only a few studies are dealing with the biochemical mechanisms of decay resistance in modified woods.
Thus, the present review attempts a comparative evaluation of established theories related to the mode of action of brown rot fungi resistance in modified woods with biochemical mechanisms in focus. The following modifications are considered: acetylated wood (Militz 1991; Larsson Brelid et al. 2000) , furfurylated wood (Schneider 1995; Westin 1996; Lande et al. 2008; Bryne and Wålinder 2010; Thygesen et al. 2010) , dimethylol dihydroxyethyleneurea (DMDHEU)-treated wood (Militz 1993; Dieste et al. 2009b) , and thermally modified wood (Tjeerdsma et al. 1998; Welzbacher 2007; Windeisen et al. 2009; Pfriem et al. 2010 ).
Degradation of wood by brown rot
Brown rot wood degradation has been studied mainly based on Gloeophyllum trabeum, although some mechanisms have also been confirmed in Postia placenta, Serpula lacrymans, and others (Goodell et al. 1997; Shimokawa et al. 2004; Martinez et al. 2009) . Differences between species have also been reported, which support the theory of the repeated evolution of brown rot fungi from white rot fungi (Green and Highley 1996; Hibbett and Donoghue 2001; Niemenmaa et al. 2008; Kang et al. 2009 ).
Degradation of polysaccharides
Details of polysaccharide degradation by brown rot are summarized in Figure 1 , which is based mainly on studies by Goodell et al. (1997) , Baldrian and Valaskova (2008) , and Arantes et al. (2012) . Brown rot fungi degrade polysaccharides via oxidative and enzymatic activities (Eriksson et al. 1990; Eaton and Hale 1993; Goodell 2003; Aro et al. 2005; Fackler et al. 2010) . The fungus induces the production of hydroxyl radicals within the polymer matrix by the secretion of reductants and hydrogen peroxide (Goodell et al. 1997) . The reductants reduce ferric iron (Fe 3+ ) to ferrous iron (Fe 2+ ), which reacts with hydrogen peroxide to produce hydroxyl radicals via the Fenton reaction (Fenton 1894) . The hydroxyl radicals then depolymerize hemicelluloses and cellulose and modify lignin (Halliwell 1965; Cohen et al. 2002; Kaneko et al. 2005) . During these reactions, microcapillary pathways are generated so that hydrolyzing enzymes, which are too large to penetrate the intact wood cell wall, can diffuse into the previously damaged matrix. In this way, the degradation of polysaccharides is initiated, in the course of which oligomers, dimers, and monomers via enzymatic hydrolysis arise. Enzymatic degradation, which becomes noticeable by compositional changes, can be detected only in the advanced state of the decay process (Fackler et al. 2010) .
The first signs of brown rot decay are visible in the outer regions of the cell wall, that is, in the middle lamella, S1, and the outer parts of S2 (Irbe et al. 2006; Fackler et al. 2010 Goodell et al. (1997) , Arantes et al. (2012) , and Baldrian and Valaskova (2008) . HQ, hydroquinone; MF, microfibrils; Q, quinone. stages of decay, which contributes to the limited permeability of enzymes into the S2 layer (Highley et al. 1985; Eriksson et al. 1990; Kleman-Leyer et al. 1992) . The formation of hydroxyl radicals only inside the wood cell wall and the delayed degradation of the S3 layer may protect the hyphae from oxidative injuries.
Hemicelluloses surround the cellulose fibrils (Zabel and Morell 1992) and they are amorphous compared with to the mainly crystalline cellulose. Their higher accessibility is the reason why hemicelluloses are degraded before cellulose (Curling et al. 2002; Irbe et al. 2006; Fackler et al. 2010 ).
Oxidation of lignin
Brown rot fungi circumvent lignin mineralization and degrade the polysaccharides in a straightforward manner (Koenig et al. 2010; Martinez et al. 2011) . Lignins maintain their macromolecular nature throughout brown rot decay (Kirk 1975; Niemenmaa et al. 2008; Yelle et al. 2008) , but their structure is modified substantially by hydroxyl radicals (Yelle et al. 2008 (Yelle et al. , 2011 Arantes et al. 2009 Arantes et al. , 2011 Martinez et al. 2011 ). This can be detected in the outer parts of the cell wall based on increases in the carbonyl group content and demethylation (Eriksson et al. 1990; Filley et al. 2002; Fackler et al. 2010) . Lignin modification contributes to the formation of microcapillary pathways that allow enzymes to penetrate the wood cell wall (Arantes et al. 2012) . It has been suggested that fragments of oxidatively remodeled lignin in brown-rotted wood may contribute to the formation of hydroxyl radicals (Xu and Goodell 2001; Filley et al. 2002; Goodell et al. 2006) as an integral part of the redox processes. The strong relationship between lignin demethylation and polysaccharide degradation suggests that these processes are mechanistically interlinked (Filley et al. 2002) . However, no watersoluble lignin products with Fe 3+ -reducing activities have been detected in brown rotted wood (Aguiar et al. 2013 ). Table 1 provides an overview of established theories related to the protective effects of wood modification. Despite the higher decay resistance of modified wood, these modifications do not inhibit the expression of the fungal genes required for degradation. Alfredsen and Fossdal (2010) showed that genes encoding enzymes involved in oxidative degradation are expressed at higher levels in furfurylated wood than in untreated one. Pilgård et al. (2012) reported similar findings for acetylated wood. However, it is not known whether these genes are translated into proteins that can induce the formation of hydroxyl radicals in the wood cell wall.
Mode of action theories from a biochemical perspective

Role of accessible nutrients
As pointed out above, brown rot fungi degrade hemicelluloses before cellulose (Militz 2002; Weiland and Guyonnet 2003; Rowell et al. 2009 ) and this order of degradation is considered by many investigators to be a key step (Boonstra et al. 2007; Rowell et al. 2009 ). Rowell et al. (2009) proposed that arabinose, which is the only L-pentose sugar found in wood, is a key compound that triggers the chain reactions of degradation and that its absence would prevent the initiation of degradation. Indeed, most hemicelluloses are degraded in thermally modified wood (Boonstra et al. 2007) and hemicelluloses are considerably modified by acetyl groups in acetylated wood (Rowell et al. 2009 ).
However, the biochemical mechanism of brown rot does not support this theory. Hemicelluloses are degraded in the same manner as cellulose; oxidative degradation occurs, which is mediated by hydroxyl radicals followed by enzymatic hydrolysis (Arantes and Milagres 2006; Fackler et al. 2010; Arantes et al. 2011) . Cellulases are constitutively expressed at a low level and are up-regulated when the fungus starts to metabolize any type of sugar (Aro et al. 2005) , which shows that the degradation of hemicelluloses is not necessary for the expression of cellulases. It seems unlikely that a microorganism would not degrade one particular nutrient in the absence of another one. Most microorganisms, including fungi, can degrade many different types of nutrient sources (Wainwright 1988 ). Rowell (2005) proposed that fungal enzymes are unable to recognize their substrates in modified wood (Figure 2A ). This theory may be supported by the fact that hemicellulases and cellulases are less efficient in thermally modified, DMDHEU-treated, and furfurylated wood (Lekounougou et al. 2008; Venås 2008; Verma and Mai 2010) . Their action is, however, not inhibited. Furthermore, the nonspecific oxidative degradation that precedes enzymatic degradation is highly effective even without enzymatic hydrolysis (Verma and Mai 2010) . Thus, this theory does not provide an explanation for the initial inhibition of oxidative degradation. Hill et al. (2004) suggested that a decrease in the micropore size might reduce the rate of diffusion into the wood cell wall by fungal reductants. The bulking effect caused by acetylation and DMDHEU treatment has been shown to reduce the size of micropores (Hill et al. 2004; Dieste et al. 2009b) .
Nonrecognition of substrates by enzymes
Blocking of micropores
However, this theory does not explain the initial inhibition of decay, because micropore blocking can only reduce rate of diffusion of fungal reductants rather than inhibit their diffusion (Hill et al. 2005) . Thus, micropore Wood polymers are modified in such a way that fungal enzymes no longer recognize them; therefore, enzymatic hydrolysis is not possible.
Rowell 2005
Physical
Micropore blocking Micropores in the cell wall are blocked, so that fungal reductants and enzymes penetrate the cell wall at a slower rate.
Hill et al. 2005
Moisture exclusion OH-group blocking/ reduction OH-groups in the cell wall are blocked or hindered, so that less water binding sites are available, which leads to a less efficient hydrolysis of polysaccharides.
Rowell et al. 2009
Reduction in void volume
The amount of free water in the cell wall is diminished through bulking of voids by chemicals or by reduction of void sizes, so that diffusion of fungal reductants and enzymes is impeded.
Papadopoulos and Hill 2002; Boonstra and Tjeerdsma 2006
Exclusion of moisture via the reduction of accessible OH-groups
It has been suggested that the reduced availability of water binding sites may lead to a lower equilibrium moisture content (EMC) observed in modified wood (Rowell et al. 2009 ). The same authors have also proposed that a lack of water bound to OH-groups may impede the hydrolysis of glycosidic bonds and the subsequent formation of cellobiose and monomeric sugars. OH-groups are blocked by acetylation and reduced in number by thermal modification because of the loss of hemicelluloses (Phuong et al. 2007; Rowell et al. 2009 ). However, Hill et al. (2005 Hill et al. ( , 2009 ) and Papadopoulos and Hill (2002) showed that the number of OH-groups blocked in acetylated wood do not correlate with decay resistance. Accordingly, the loss of hemicelluloses from thermally modified wood does not correlate with decay resistance (Hakkou et al. 2006; Welzbacher 2007) . The number of available (free) OH-groups is increased in DMDHEUtreated wood, which supports the subordinate role of free OH-groups in decay resistance (Dieste et al. 2009a ). The loss of water from glycosidic bonds may reduce the efficiency of fungal hydrolases but not completely inhibit it (Lekounougou et al. 2008; Venås 2008; Verma and Mai 2010) . Furthermore, oxidative degradation would not be affected.
Exclusion of moisture through decrease in cell wall void volume
Reduction in the wood cell wall void volume may mean that there is insufficient water inside the wood cell wall to allow diffusion (Papadopoulos and Hill 2002; Rapp et al. 2008) . If fungal reductants, hydrogen peroxide, and oxalic acid cannot diffuse into the wood cell wall, hydroxyl radicals will not be formed and oxidative degradation will not occur.
The bulking effect of acetylation leads to a reduced EMC (Ibach and Rowell 2000; Papadopoulos and Hill 2003) . The correlation between weight percent gain and decay resistance was unambiguous in Corsican pine (Pinus nigra), whereas the results were less clear or even contradictory in a number of other wood species (Hill et al. 2004 Hill 2009 ). The more even distribution of acetyl groups in Corsican pine may explain the effectiveness of decay prevention (Habu et al. 2006 ) compared with Scots pine investigated by Hill et al. (2004 Hill et al. ( , 2009 blocking will only slow down oxidative degradation and the formation of the microcapillary pathways required for enzyme diffusion and subsequent hydrolysis ( Figure 2B ). well with decay resistance (Hakkou et al. 2006; Rapp et al. 2008) . After the heat-induced cross-linking was disrupted by treatment with KOH, EMC and decay resistance declined to the levels found in untreated wood (Rapp et al. 2008) . The bulking effect and the subsequent exclusion of moisture from the smaller voids are most important for the decay resistance caused by DMDHEU modification (Dieste et al. 2009a,b) . Reducing of the void volume via bulking is a possible explanation for the increased decay resistance in furfurylated wood (Venås 2008) .
The theory of moisture exclusion by reducing the void volume may explain the inhibition of oxidative and enzymatic degradation ( Figure 2C ). Furthermore, it explains the delayed but eventual onset of degradation, because the EMC will increase with time due to moisture uptake from the surrounding air via mall cracks and voids in the wood cell wall (Welzbacher and Rapp 2004; Thygesen et al. 2010) .
Proposed mechanism
No degradation occurs during the first contact between brown rot fungi and modified wood. Brown rot fungi colonize modified wood only when sufficient water has accumulated in the lumen. The fungi secrete reductants, hydrogen peroxide, and oxalic acid, but they are unable to diffuse into the cell wall matrix due to lack of water for diffusion. Thus, hydroxyl radicals cannot be formed and oxidative degradation does not occur (Figure 2Ca ). The reductants can diffuse only if the cell walls lose their ability to resist water uptake. This process may be slowed down because of micropore blocking ( Figure  2Ba ). Hydroxyl radicals are formed that react with hemicelluloses and lignin. After the hemicelluloses have been degraded sufficiently to expose the cellulose, the hydroxyl radicals start to depolymerize the cellulose, beginning with its paracrystalline moieties. Lignin modification by hydroxyl radicals facilitates the penetration of hydrolyzing enzymes.
The rate of the enzymatic hydrolysis of hemicelluloses and cellulose may be lower than that in untreated wood because of three reasons: (1) micropore blocking leads to a slower rate of enzyme diffusion into the wood cell wall ( Figure 2Bb) ; (2) the lack of water bound to OH-groups decreases the enzyme efficiency ( Figure 2Ab) ; and (3) the recognition of modified polysaccharides by enzymes is hindered (Figure 2Ab ). In summary, moisture exclusion delays the onset of degradation, and micropore blocking, insufficient amounts of water bound to OH-groups, and enzyme nonrecognition slow down degradation after its initiation.
Discussion and conclusions
This review considers only brown rot fungi and four types of modification. Different mechanisms may apply to white rot fungi. The mechanisms of fungal degradation are known to be species specific (Green and Highley 1996; Niemenmaa et al. 2008; Kang et al. 2009 ) as well as dependent on the growth medium and wood species attacked (Tomberg and Olsson 2002; Vanden Wymelenberg et al. 2011) . The multitude of wood modification methods and the different methods for evaluating fungal decay also aggravates a comparative evaluation and general conclusions. However, focusing on EMC and mass loss (ML) during decay may facilitate comparisons of different mechanisms. Standardized decay tests, which are designed to assess the durability of wood products, may also pose problems. First, they give an illusion of a threshold level that will prevent decay, but the "threshold" will change if the decay test is run for a longer time ). Second, decay test standards (the European standards EN 113 (1996) and EN 252 (1989) and the American standard ASTM E10) accept a level of treatment that results in a ML of 3%, but this can be misleading. A ML of 3% might be a critical limit for determining the durability of a certain type of wood material, but it is not helpful for evaluating the protective mechanism . Third, standardized decay tests for assessing the durability of modified wood were originally designed for testing preservative treated wood. Environmental conditions, such as wetness, are less important for the durability of preservative treated woods than in case of modified woods (Junga and Militz 2005; Meyer et al. 2012) .
The present evaluation of theories related to the mode of action of brown rot decay resistance with four types of wood modification suggests that moisture exclusion caused by reductions in the wood cell wall void volume is the most essential parameter that delays the onset of wood decay. Other mechanisms, such as enzyme nonrecognition, micropore blocking, and reduced number of free OH-groups, probably affect the degradation speed after water uptake is initiated.
